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PREFACE 
This program involved the design, fabrication and subsequent test- 
ing of four power slip rings for synchronous orbit application, 
Frequent and simultaneous recording of  friction, wear and electri- 
cal noise enabled the synergistic effects of contact materials 
and slip ring-brush design to be studied. 
The four ring and brush material combinations evaluated are as 
fol lows : 
(A) Poly-Scientific Ag-MoS -C brushes vs rings of rhodium 2 
plate over nickel plate on a brass substrate (Combina- 
tion A), 
Poly-Scientific Ag-MoS2-C brushes vs coin silver (Silver- 
10% copper ) r i ngs (Combi nation B )  . 
Poly-Scientific Ag-NbSe2-C brushes vs rings of rhodium 
plate over nickel plate on a brass substrate (Combina- 
tion C). 
Poly-Scientific Ag-NbSe.2-C brushes vs coin silver rings 
( Combi nat i on D ) . 
(B) 
(C) 
(D) 
These four contact combinations have been tested under the follow- 
i ng conditions : 
1. Run-in at 150 RPM for 10 hours under ambient condition. 
2. A five day humidity sequence at 0,1 RPM. 
3 0  TWO years of vacuum operation (e5 x IO-* torr) at 
0.1 RPM. 
The results o f  the run-in, humidity and first nineteen months of 
vacuum operation have been previously reported This report 
contains data from the two years of vacuum testing and results 
of the post test analysis. The conclusions drawn after comple- 
tion of this work are as follows: 
Slectrical N oi se 
1.  Brushes lubricated with MoS2 yielded lower noise values than 
those lubricated with NbSe2. 
i i i  
2. The Ag-MoS2-C/Rh and Ag-MoS2-C/Ag combinations have g iven 
n e a r l y  equ iva len t  no ise  performance beyond 1000 hours o f  
vacuum opera t i  on . 
performance appears t o  be more c l o s e l y  r e l a t e d  t o  the brush 
l u b r i c a n t  than the r i n g  m a t e r i a l .  
4, The h i g h  no ise  on Combination C i s  r e l a t e d  t o  the r e s i s t i v e  
f i l m  t h a t  formed between the negat ive  brushes and r i n g s .  
3 .  O f  t h e  f o u r  m a t e r i a l s  combinations evaluated, low no ise  
F r i  c t i  on 
1. There appeared t o  be no d i f f e r e n c e  i n  f r i c t i o n  c o e f f i c i e n t  f o r  
the  th ree  Combinations remaining i n  opera t ion  a t  the end of 
the t e s t .  (Combinations A, B and C ) ,  
F r i c t i o n  c o e f f i c i e n t s  were lower i n  vacuum than a i r  fo r  MoS2 
and NbSe2 l u b r i c a n t s .  
2. 
Wear 
1, 
L1_ 
The Ag-NbSe2-C/Rh and Ag-MoS2-C/Ag combinations were wearing 
a t  the  h ighes t  r a t e s  o f  the th ree  combinations remaining i n  
operat  i on . 
The h i g h  wear r a t e  o f  Ag-NbSe2-C/Rh i s  r e l a t e d  t o  b r i dge  f o r -  
mat ion on the r i n g s  which grooved some brush faces. The 
excessive b r idge  fo rmat ion  and a r c  damage was most l i k e l y  
r e l a t e d  t o  the h i g h  res is tance f i l m  formed on t h i s  combination. 
3 .  The Ag-MoS2-C/Rh combination e x h i b i t e d  l i t t l e  or no wear 
beyond 1000 hours o f  vacuum operat ion.  
4. I t  appears t h a t  wear r a t e  i s  the  r e s u l t  o f  combination p e r f o r -  
mance r a t h e r  than a p a r t i c u l a r  r i n g  or  brush ma te r ia l .  
5. The wear r a t e s  for the  n e u t r a l  brushes on a l l  combinations were 
not  s i g n i f i c a n t l y  d i f f e r e n t  than those brushes w i t h  p o s i t i v e  
and negat ive p o l a r i t y .  
2. 
i v  
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THE S Y N E R G I S T I C  EFFECTS OF SLIP 
RING-BRUSH DESIGN AND MATERIALS 
BY 
N.E. LEWIS, S.R. COLE 
AND 
E .W. G LOSS BR ENNER 
POLY-SCIENTIFIC D I V I S I O N  
LITTON SYSTEMS, INC. 
I. INTRODUCTION 
This i s  the  f i n a l  repo r t  deal ing w i t h  power s l i p  r i n g  contacts 
tes ted  for l o w  speed, h igh  cur ren t  t rans fe r  i n  a h igh  vacuum 
environment of long term space usage. E a r l i e r  repo r t s  dea l t  
w i t h  t he  atmospheric and vacuum t e s t  r e s u l t s  o f  2ower s l i p  r i n g s  
and brushes under cond i t ions  s imu la t ing  those a n t i c i p a t e d  fo r  
p r i n c i p a l  f ea tu re  o f  these t e s t s  was the simultaneous record ing 
of f r i c t i o n ,  wear, and noise a t  a very slow r o t a t i o n a l  speed. 
so lar  ar rays on synchronous s a t e l l i t e s  and space probes. (1'2) The 
The data presented represents the  equiva lent  o f  160 years o f  
r o t a t i o n  of geosynchronous s a t e l l i t e s .  This paper presents 
data extending e a r l i e r  r e s u l t s  by a factor  o f  4 and co r re la tes  
the  pos t - tes t  ana lys is  w i t h  t h e  behavior seen. 
The r e s u l t s  observed should be d i r e c t l y  app l i cab le  t o  a wide 
v a r i e t y  o f  s l i d i n g  contact  app l i ca t i ons  i n  h igh  vacuum both i n  
space and other  vacuum uses o f  s l i p  r ings.  
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11. EXPERIMENTAL 
Four s i x  c i r c u i t  f i x t u r e s  r e p r e s e n t i n g  f o u r  m a t e r i a l s  combina-  
t i o n s  were o p e r a t e d  o v e r  a two y e a r  p e r i o d  a t  a c u r r e n t  d e n s i t y  
o f  15.3 A/cm2.  O p e r a t i n g  c o n d i t i o n s  were a m b i e n t  t e m p e r a t u r e ,  
a p r e s s u r e  o f  l e s s  t h a n  5 X lo'* t o r r  a n d  a r i n g  s p e e d  o f  0.1 RPM. 
S i l v e r  g r a p h i t e  c o m p o s i t e  b r u s h e s  u t i l i z i n g  e q u a l  volume f r a c t i o n s  
of MoS2 or NbSe2 a s  l u b r i c a n t s  were employed w i t h  r i n g s  of coin 
s i l v e r  a n d  rhodium p l a t e ,  
r i n g  c o m b i n a t i o n s  w i l l  b e  a s  f o l l o w s :  
F u t u r e  r e f e r e n c e  to t h e  four  b r u s h  and  
Combina t ion  A: Ag-MoS2-C b r u s h e s  o n  Rh r i n g s ;  
Combina t ion  E: Ag-t4oS -C b r u s h e s  on Ag r i n g s ;  2 
Combina t ion  C :  Ag-NbSe2-C. b r u s h e s  o n  Rh r i n g s ;  
Combina t ion  D: Ag-I.lbSe2-C b r u s h e s  on  Ag r i n g s ,  
The f i x t u r e  d e s i g n ,  e l e c t r i c a l  c i r c u i t r y ,  d e s c r i p t i o n  of system 
h a r d w a r e  and  r i n g  and b r u s h  mate.ria1 p r o p e r t i e s  were p r e v i o u s l y  
r e p o r t e d .  1 
Post test  a n a l y s i s  c o n s i s t e d  o f  v i s u a l  o b s e r v a t i o n s ,  m e t a l  lo- 
g r a ? h i c  s e c t i o n i n g  of b r i d g e s  a n d  wear d e b r i s ,  and  p r e p a r a t i o n  
o f  s c a n n i n g  e l e c t r o n  m i c r o g r a p h s  ( S E M I  combined w i t h  e n e r g y  
d i s p e r s i v e  X-ray a n a l y s i s  (EDAX) of s e l e c t e d  b r u s h  faces. 
and b r u s h  c o n t a c t  r e s i s t a n c e  measu remen t s  were made u s i n g  a 
modi f i e d  four p r o b e  a p p a r a t u s .  
Ring 
2 
111, RESULTS 
Friction and wear data were taken from four brushes  on each 
f ix tu re  representing t h e  following: an inductively loaded 
brush of negative polar i ty ,  r e s i s t i ve ly  loaded brushes of 
posi t ive and negative polar i ty  and a neutral brush. Electrical  
noise data were taken frcm a l l  s i x  c i r c u i t s  of each f ixture .  A 
neutral brush on t h e  s ixth ring of each f i x t u r e  allowed a posi- 
t i v e  and negative noise reading to  be measured. 
Friction, e l ec t r i ca l  noise and wear data generated during t h e  
two-year period have been presented in Figure 1 .  The f r i c t i o n  
and wear data represent averages of the four brushes equipped 
with transducers on each f ix ture .  The noise data a r e  averages 
of a l l  s i x  c i r c u i t s ,  A l l  data were averaged with respect .  t o  
time to  minimize t h e  number of en t r ies .  
Throughout t h e  f i r s t  year a consistently higher coeff ic ient  of 
f r i c t i o n  was observed for those brushes 'lubricated with NbSe2 
than those lubricated with MoS2. 
approached a l e v e l  of 0.25. 
After t h i s  period, the two 
The highest wear r a t e s  occurred a f t e r  3000 hours of o?eration 
and were observed for Combinations B and C .  
wear was observed on Combination B (Figure 2 ) .  
Combination D represents only ten months o f  operation. 
motion feedthrough f a i l u r e  prevented data col lection beyond 
t h i s  point. 
The highest to ta l  
The  data for 
Rotary 
The non parametric Mann Whitney U and Wilcoxan signed - rank test 
s t a t i s t i c s  were employed t o  compare t h e  means of t h e  e l ec t r i ca l  
noise data.  Several comparisons were made and these have been 
tabulated in Table I .  O f  those means compared t h e  most 
3 
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TABLE 1 
S t a t i s t i c a l  Ana lys i s  o f  t he  Means o f  the  E l e c t r i c a l  Noise Data 
Parameter 
Ana 1 yzed 
E l e c t r i c a l  
Load 
D i f f e r  ence s 
P o l a r i t y  
D i f f e r e n c e s  
Ring 
M a t e r i a l  
D i f f e rences  
Brush 
Lubr i cant  
D i f f e r e n c e s  
Mater i a1 
Combination 
D i  f f e r  ences 
0-100 Hrs.  
TEST 
ALc AR 
BL= BR 
DRc ’L 
CRC c L 
+ AR< A i  
B i q  B.; 
+ 
+ 
C R C  c; 
DR< OR 
BR< AR 
DR< ‘R 
BL< AL 
DLc cL 
*R< ‘R 
DR< BR 
AL< cL 
BL= DL 
DR< AR 
BR< ‘R 
DL< AL 
BL< cL 
CLJC 
99.9+ 
96-7 
97.6 
99.9+ 
99 -9  
99.9 
99 09 
99.9+ 
77 08 
99.9+ 
99.9+ 
99 * 9+ 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
97.6 
99.9+ 
TEST P E R I O D  
100-4300 Hrs. 
TEST 
AL< AR 
BLc BR 
L 
’L< DR 
CR< c 
+ 
ARK A i  
+ B i <  BR 
+ 
+ 
CR< CF; 
DR< DI; 
AR< BR 
DR< C 
BL< AL 
DL< cL 
R 
‘R 
BR< DR 
ALc cL 
BL< DL 
DR 
BR< ‘R 
AL< DL 
BL< cL 
CL* 
99.3 
99.9+ 
99-9+ 
99 * 9+ 
99 -9+ 
99.9+ 
99.9+ 
99.9+ 
98 
99.8+ 
99.9+ 
99.9+ 
99.9+ 
99 .9+ 
99-9+ 
99.9+ 
99 09-1. 
99.9+ 
99-9+ 
99.9+ 
4300- 181 00 H r  s. 
TEST 
AR< AL 
BL< BR 
L 
DL= DR 
CR< c 
A;< A: 
B i <  BR + 
CR< + c; 
+ DR< D; 
BR 
OR< ‘R 
BLc AL 
DLc cL 
AR< ‘R 
BR< DR 
AL< cL 
BL< DL 
AR< DR 
R BR< C 
ALc DL 
BL< cL 
c19: 
99.9+ 
99-9+ 
99.9+ 
99 *9+ 
99.9+ 
99 * 9+ 
99 -8 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
99 (. 9+ 
99.9+ 
99.9+ 
99.9+ 
99.9+ 
A - Ag-MoS2-C/Rh f denote brush p o l a r i t y .  
B - Ag-MoS2-C/Ag 
C - Ag-NbSe2-C/Rh 
D - Ag-NbSe2-C/Ag 
L and R denote i n d u c t i v e  o r  r e s i s t i v e  l oad  
*Confidence l i m i t s  a re  f o r  two t a i l e d  t e s t i n g  
r e  spec t i ve 1 y . 
6 
consis tent  di f ferences found were those r e l a t e d  t o  brush l u b r i c a n t  
and p o l a r i t y ,  Ma te r ia l s  Combination C had the  h ighest  no ise l e v e l  
throughout vacuum t e s t i n g ,  
8. Po s t  Test Analvsis 
A t  the completion o f  t h e  tes ts ,  t he  contacts were examined 
f o r  the  anomalies and modes o f  wear. The most obvious d i s s i m i l a r i t y  
among the  u n i t s  was the  l a rge  number o f  arced and burned areas on 
the  r i n g s  of Combination C (Figure 3) .  This c o n d i t i o n  ex i s ted  
t o  a lesser  degree on Combination 0, t o  a l i m i t e d  extent  on 
Combination B and was absent from Combination A (Table 2 ) .  I n  
a l l  cases the  damage was greatest  t o  the  t racks  t h a t  mated w i t h  
anodic brushes, 
whereas t h e  anodic t racks  were genera l l y  eroded by the  arcs2 t h a t  i n -  
volved mat ing cathodic brushes. I n  a d d i t i o n  t o  the  eroded areas and 
fhe.re were br idges '  on t h e  cathodic  t racks,  
PERCENT OF TRACK F ILMED 
COMBINATION POS. NEG. NEUT. IND.  RES. - __I_ - -- 
A 30 40 50 30 30 
B 50 60 70 50 60 
C 20 30 50 i o  30 
D 80 80 80 90 70 
TABLE 2 
TOTAL NUMBER OF DAMAGED 
AREAS CAUSED BY BRIDGING 
AND ELECTRICAL DISCHARGES 
POS. NEG. IND. RES. 
0 0 0 0 
14 3 3 14 
,169 >45 >99 >I15 
126 0 34 92 
- - - -  
I I 
1. Bridge - Evidence o f  a molten m e t a l l i c  j u n c t i o n  having been 
formed, and subsequently rup tur ing ,  between a brush and a r i ng ,  
2. Arced area - Area showing evidence o f  sustained eros ion  
as i f  by an e l e c t r i c a l  arc. 
7 
- Track 3. Track 
F I G U R E  3 .  Arc damage t o  ring surface. 
FIGURE 4: Photograph o f  wear debris  from Combination B. 
( A )  Brush sp l in te r .  (B) Coin s i lver  
( C )  Large wear pa r t i c l e  t ha t  c o u l d  have been caused 
by abrasive wear, ( D )  F i n e  p l a t e l e t  
were probabl y a resul t o f  adhesive wear, 
8 
d e p o s i t s  t h a t  were c a u s e d  by t h e  c u r r e n t ,  
d i f f e r e n t  t y p e s  of m e c h a n i c a l  wear: 
1 .  Adhes ive  wear t h a t  g e n e r a t e d  f i n e  p a r t i c l e s  of b r u s h  
2. 
3 .  S p l i n t e r i n g  of t h e  b r u s h  m a t e r i a l  ( F i g u r e s  4 a n d  7) .  
4. 
t h e r e  were f o u r  
material ( F i g u r e s  4 a n d  5). 
A b r a s i v e  b r u s h  wear c a u s e d  by arc  d e p o s i t e d  m a t e r i a l  , 
( F i g u r e s  4, 5, 6 ) .  
A few s l i v e r s  were c u t  f rom t h e  c o i n  s i l v e r  r i n g s  by a b r a -  
s i v e  m a t e r i a l s  i n  t h e  b r u s h  faces ( F i g u r e  4 ) .  
The a d h e s i v e  b r u s h  wear was t h e  most p redominan t  and  r e s u l t e d  i n  
f i l m s  f o r m i n g  on t h e  r i n g s , a s  w e l l  a s  f i n e  f l a k e s  of wear d e b r i s .  
The c o i n  s i l v e r  r i n g s  had  a g r e a t e r  t e n d e n c y  toward  f i l m  forma- 
t ion t h a n  t h e  rhodium o n e s  ( T a b l e  2 ). Arc d e p o s i t s  o n  t h e  r i n g s  
c a u s e d  m a t i n g  b r u s h e s  to  b e c a n e  grooved  ( F i g u r e  5 ) .  
of wear o c c u r r e d  o n l y  on  t h e  p o s i t i v e  b r u s h e s ,  
and  MoS2 b r u s h e s  s p l i n t e r e d  to some d e g r e e ,  b u t  t h e  s p l i n t e r i n g  
o f  t h e  MoS2 b r u s h e s  a p p e a r e d  'to be a l i t t l e  g r e a t e r ,  
e n c e  i s  p r o b a b l y  r e l a t e d  to t h e  f a c t  t h a t  t h e  NbSe2 b r u s h e s  were 
s t r o n g e r  (7000 p s i )  t h a n  t h e  o n e s  c o n t a i n i n g  MoS2 (5000 p s i ) .  
T h e r e  was o n l y  a s l i g h t  amount of r i n g  s l i v e r i n g  and  a l l  o f  i t  
a p p e a r e d  to b e  on t h e  c o i n  s i l v e r  r i n g s .  The s l i v e r s  were n o t  
o f  a l e n g t h  t h a t  would  b e  l i k e l y  t o  c a u s e  s h o r t i n g  i n  a system 
t h a t  was d e s i g n e d  to h a n d l e  normal amounts  of wear d e b r i s .  
T h i s  t y p e  
Both t h e  NbSe2 
The d i f f e r -  
I n  c o n j u n c t i o n  w i t h  t h e  SEM a n a l y s i s ,  s e l e c t e d  r e g i o n s  of t h e  
c o n t a c t  area of t h e  p o s i t i v e  a n d  n e g a t i v e  b r u s h e s  t a k e n  from a 
common r i n g  were a n a l y z e d  by EDAX ( T a b l e  3 1. The e l e m e n t s  
f o u n d  on  t h e  b r u s h e s  from Combina t ions  A and  B were t h o s e  e x p e c t e d  
w i t h  t h e  e x c e p t i o n  of what  a p p e a r e d  to b e  t race c h l o r i n e ,  
of c h l o r i n e  and  s i l i c o n  were found on t h e  b r u s h e s  from C o m b i n a t i o n s  
C and  D. I n  a d d i t i o n  to  t h i s ,  n i c k e l  and rhodium were found  on 
t h e  Combina t ion  C b r u s h e s .  The p r e s e n c e  of n i c k e l  and  rhodium 
i n d i c a t e s  m a t e r i a l  t r a n s f e r r e d  from t h e  r i n g ,  p r o b a b l y  as  a 
r e s u l t  of b r i d g i n g  or a r c i n g .  
Traces 
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F I G U R E  5: Examples o f  brushes undergoing abras ive and adhesive 
wear. The  l e f  t brush face  was abraded by a bu i  Id-up 
o f  m a t e r i a l  on thnv r i n g  surface. 
face  was worn by adhesive wear. 
The r i g h t  brush 
F I G U R E  5 :  Cross sec t i on  o f  a build-ut-, t h a t  formed on onz o f  thc 
negat ive  t racks .  
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FIGURE 7: S p l i n t e r  forming a t  the edge of a brush. 
FIGURE 8: Scanning e l e c t r o n  micrograpn of a p a r t i c l e  t h a t  was 
broken from a brush by s p l i n t e r i n g  ( o r i g i n a l  m a g n i f i -  
c a t i o n  400:: ) . 
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BRUSH 
TABLE 3 
Brush Anal ys i  s by EDAX 
ELEMENTS 
Ag c1 Mo Nb N i  Rh S Se S i  
0 
0 
0 
cl 
0 
0 
0 
0 
0 
0 
0 
0 
cl 
cl 
cl 
Cl 
11 0 
0 
cl 
0 
0 
0 
cl 
cl 
0 
0 
cl 0 
0 Major Quant i ty  0 Trace Quant i ty  
1 2  
4 
Since EDAX o n l y  determines the presence of an element and n o t  
i t s  valence state, no th ing  can be sa id  about 
the q u a n t i t y  o f  f r e e  s u l f u r  and selenium i n  the  brushes. 
and I..lbSe2 a r e  t r a n s i t i o n  metal chalcogenides w i  th layered 
s t r u c t u r e ( 3 ) .  
and cova len t l y  bonded between two sheets of chalcogen. These 
layers  a r e  i n  turn he ld  together by van der Waals forces. I t  i s  
w e l l  known t h a t  s u l f u r  and selenium can e x i s t  i n  the  f ree s t a t e  i n  
the respec t ive  compoundsand the re fo re  can outgas under the  proper 
cond i t ions .  
and e levated temperature (150-200° C )  have shown t h a t  the  brush 
m a t e r i a l s  used i n  t h i s  study outgas f ree s u l f u r  f r o m  the MoS2 
l u b r i c a t e d  brushes and to a much greater  ex ten t  f ree selenium 
from the  NbSe l u b r i c a t e d  brushe:. 
MoSa 
These compounds consi  s t  o f  metal sheets sandwiched 
Outgassing s tud ies  under vacuum ( 5  X 10"' t o r r )  
2 
The e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  f i l  s Formed between brushes 
and r i n g s  were examined us ing  four probe measurements (F igure 9 ) .  
The p o s i t i v e  and negat ive t racks  on each r i n g  f o r  a l l  combina- 
t i o n s  were examined separately.  A t  l e a s t  two sFots i n  each 
t rack were character ized. Each cha rac te r i za t i on  was performed 
by vary ing  t h e  cu r ren t  through the  brush and r i n g  contact  from 
0-4- A a t  an approximate r a t e  o f  16 A/mr,  
vo l tage and c u r r e n t  vs res is tance curves have been ?resen-ted f o r  
cach combination (Figures 10, 11, 12, and 13) .  
Ty?ical  cu r ren t  vs 
Many o f  the cu r ren t  vs vo l tage curves show a change i n  slope, 
i .e, resistance, i n  the range o f  70-120 mV. Since the softening 
p o t e n t i a l  of s i l v e r  i s  90 mV i t  i s  be l ieved t h a t  these changes 
a r e  r e l a t e d  t o  the sof ten ing o f  the Ag i n  the  brush. Softening 
can b r i n g  about an increase i n  s i z e  and number of contact  spots 
which r e s u l t s  i n  a decrease i n  contac t  res is tance (see res is tance 
vs cu r ren t  curves).  
over the e n t i r e  range o f  current .  I n  these cases the f i l m  r e s i s -  
t i v i t y  was s u f f i c i e n t l y  low t h a t  the 90 mV sof ten ing  p o t e n t i a l  
was never a t t a i n e d  i n  the  range o f  0 t o  4.0 A. 
I n  some instances a constant slope occurred 
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These curves indicate  tha t  i f  softening occurred, the resistancz 
i n  t h e  reverse current direction was very close to  the value 
occurring a f t e r  softening for the forward direct ion.  The one 
exception to  t h i s  was Combination C ,  Contact resistance was 
t Y  * 
to be 
ts 
found to  be very high for  the brushes w i t h  negative polar 
The resistance i n  the reverse current direction was found 
much l e s s  t h a n  t h a t  i n  the forward direction. These resu 
indicate tha t  a f i  l m  w i t h  rect i fying character? s t i c s  
formed i n  the negative brush tracks. T h i s  e f f ec t  was not 
i n  the posit ive brush tracks or on other combinations. 
found 
I V .  D I S C U S S I O N  
b 
The purpose o f  t h i s  study was t o  eva lua te  t h e  e l e c t r i c a l  noise, 
f r i c t i o n  and wear r a t e s  o f  f o u r  m a t e r i a l s  combinations du r ing  
per iods o f  ambient run- in ,  a humid i ty  sequence and vacuum. The 
f i x t u r e s  and experiments were designed such t h a t  these para- 
meters cou ld  be compared f o r  each combination on an equal f o o t i n g  
w i t h  time. However, du r ing  vacuum tes t i ng ,  problems arose such 
t h a t  a d i r e c t  comparison cannot be made for a l l  combinations. 
A f t e r  1000 hours o f  ope ra t i on  a problem w i t h  e leva ted  temperature, 
which r e s u l t e d  i n  h igh  f i x t u r e  torque, developed on Combination C. 
It was necessary t o  remove power f r o m  any f o u r  o f  t he  s i x  c i r c u i t s  
i n  order t o  b r i n g  the  f i x t u r e  torque w i t h i n  t h e  l i m i t a t i o n s  o f  
t he  mechanical feedthrough. The c i r c u i t s  chosen t o  remain i n  
opera t i on  were those w i t h  f r i c t i o n  and wear transducers. F r i c t i o n  
and wear data from t h i s  combination can be compared on an equ i -  
va len t  f o o t i n g  w i t h  Combinations A and 8, but  e l e c t r i c a l  no ise  
data i s  based on two c i r c u i t s  r a t h e r  than s i x  beyond 1000 hours 
o f  operat ion.  A f t e r  7000 hours o f  ope ra t i on  (1.34 X 10 cm of  r i n g  
t r a v e l  ) t he  mechanical feedthrough on Combination D developed 
h igh  torque and i t  was necessary t o  stop r o t a t i o n .  
6 
On t h e  bas i s  o f  f r i c t i o n ,  e l e c t r i c a l  noise, t o t a l  wear, f i l m  
r e s i s t i v i t y  and absence o f  r i n g  damage, Combination A y ie lded  the  
best performance du r ing  vacuum operat ion.  Combination B gave 
equ iva len t  performance w i t h  t h e  except ion of damage t o  the  r i ng ,  
h igher t o t a l  wear and h igher  wear r a t e  du r ing  the  l a s t  8,000 
hours of t e s t .  Dur ing t h e  7000 hours t h a t  Combination D was i n  
operat ion,  t he  brushes underwent very l i t t l e  wear and a t  t h e  end 
o f  t h i s  p e r i o d  a l o w  wear r a t e  was ind ica ted .  The f r i c t i o n  and 
noise l e v e l s  were h igher  than those f o r  Combinations A and B. 
M 
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The data i n d i c a t e s  Combination C developed more ser ious  problems 
i n  a sho r te r  p e r i o d  o f  t ime than the  o ther  th ree  combinations, 
The r e s u l t  o f  the four probe a n a l y s i s  o f  t h i s  combination cor- 
r e l a t e s  w e l l  w i th  t h e  observat ions made du r ing  vacuum operat ion,  
The h i g h  noi se l e v e l s  found on t h e  negat ive  brushes a re  consis-  
t e n t  w i  th  the  h i g h  con tac t  res i s tance  measured between negat ive  
brushes and mat ing r i ngs .  The e leva ted  temperature t h a t  developed 
on t h i s  f i x t u r e  i s  most l i k e l y  r e l a t e d  t o  t h i s  h i g h  res is tance 
f i l m .  I t  was noted t h a t  the temperature of t h i s  f i x t u r e  would 
decrease if the  c u r r e n t  was reversed. Thi s i s  cons i s ten t  w i t h  
t he  r e c t i f y i n g  e f f e c t  noted e a r l i e r  (F igure  12). The l a r g e  number 
o f  b r i dges  and arced spots found on the r i n g s  could be r e l a t e d  t o  
the mode o f  breakdown o f  t h i s  h i g h  r e s i  stance f i  lm, 
'The h i g h  res i s tance  f i l m  and r e c t i f y i n g  e f f e c t  are be l i eved  t o  be 
r e l a t e d  t o  the h i g h  selenium conten t  i n  the  brush ma te r ia l .  
A1 though the same brush mater i  a1 was used on Combination D, the 
degree o f  r i n g  damage and contac t  res is tance was n o t  as g rea t  as 
t h a t  found on C (Table 2 and F igures  12 and 131, 
cou ld  be a t t r i b u t e d  t o  d i s s i m i l a r  meta ls  used i n  the  Combination C 
contacts, i.e, s i l v e r  and rhodium, whereas Combination D has 
s i l v e r  on c o i n  s i l v e r .  A l l  t h a t  i s  necessary t o  cons t ruc t  a 
b a r r i e r  r e c t i f i e r  i s  t w o  me ta l s  w i t h  d i f f e r i n g  work funct i 'ons and 
a th in  f i l m  o f  i n s u l a t o r  sandwiched between them (4), 
case the t w o  meta ls  would be s i l v e r  and rhodium and selenium or 
a selenium compound as the i n s u l a t o r .  The work func t ions  f o r  the  
m a t e r i a l s  used i n  t h i s  study were n o t  measured. The repo r ted  work 
func t ions  as determined by contac t  p o t e n t i a l ,  thermonic and photo- 
e l e c t r i c  emission methods i n d i c a t e  rhodium may have the h ighes t  
work f ~ n c t i o n ! ~ )  The d i r e c t i o n  o f  r e c t i f i c a t i o n  noted i n  t h i s  
a p p l i c a t i o n  i s  cons i s ten t  w i t h  rhodium having the  h ighes t  work 
func t ion .  
This  d i f f e r e n c e  
I n  t h i s  
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4 
V ,  NEW TECHNOLOGY 
The sys tem,  e x p e r i m e n t a l  t e c h n i q u e s  and r e s u l t s  r e p o r t e d  t o  d a t e  
d o  not d i r e c t l y  r e p r e s e n t  a form o f  new t e c h n o l o g y .  
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V I .  PROGRAM FOR NEXT REPORTING PERIOD 
T h i s  i s  a f i n a l  report. 
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V I  I . CONCLUSIONS 
The data previous1 y repor ted  (1 -2 )  and t h a t  generated d u r i n g  the  
l a s t  18 months o f  t e s t i n g  a long w i t h  the r e s u l t s  o f  the  post  t e s t  
ana lys i s  i n d i c a t e  the  fo l l ow ing :  
E l e c t r i c a l  Noise 
1. 
2. 
3 .  
4. 
Brushes l u b r i c a t e d  w i t h  MoS2 y i e l d e d  lower no ise  values than 
those 1 ubr -i cated w i  t h  NbSe2. 
The Ag-MoS2-C/Rh and Ag-MoS2-C/Ag combinations have g i  ven 
n e a r l y  equ iva len t  no i se  performance beyond 1000 hours o f  
vacuum opera t i  on. 
O f  t he  fou r  m a t e r i a l s  combinations evaluated, low no ise  
performance appears t o  b e  more c l o s e l y  r e l a t e d  t o  the brush 
l u b r i c a n t  than t h e  r i n g  m a t e r i a l .  
The h i g h  no i  se on Combination C i s r e l a t e d  t o  the r e s i  s t i v e  
f i l m  t h a t  formed between t h e  negat ive brushes and r i ngs .  
Fr i c t i on 
1. There appeared t o  be no d i f f e r e n c e  i n  f r i c t i o n  c o e f f i c i e n t  for  
the th ree  combinations remaining i n  opera t ion  a t  t h e  end o f  
the t e s t ,  
F r i c t i o n  c o e f f i c i e n t s  were lower i n  vacuum than a i r  for MoS2 
and NbSe2 1 ubr i cants. 
2, 
Wear 
1. 
-
2. 
3 .  
The Ag-NbSe2-C/Rh and Ag-MoS2-C/Ag combinations were wearing 
a t  t he  h ighes t  r a t e s  o f  the  th ree  combinations remaining i n  
operat ion.  
The h i g h  wear r a t e  o f  Ag-NbSe2-C/Rh i s  r e l a t e d  t o  b r idge  f o r -  
mat ion on the  ri;ngs which grooved some brush faces. The 
excessive b r idge  fo rmat ion  and a rc  damage was most l i k e l y  
r e l a t e d  t o  the h i g h  res is tance f i l m  formed on t h i s  combination. 
The Ag-MoS2-C/Rh combination e x h i b i t e d  l i t t l e  or no wear 
beyond 1000 hours of vacuum operat ion.  
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4. I t  appears t h a t  wear r a t e  i s  the  r e s u l t  o f  combination p s r f o r -  
mance r a t h e r  than a p a r t i c u l a r  r i n g  o r  brush m a t e r i a l  
were not s i g n i f i c a n t l y  d i f f e r e n t  than those brushes w i t h  
p o s i t i v e  and negat ive  p o l a r i t y .  
5 .  T h e  wear ra tes  for the  n e u t r a l  brushes on a l l  combinations 
25 
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V I  1.1. RECOMMENDATIONS 
I t  does not a p p e a r  t h a t  a d i s t i n c t  c h o i c e  c a n  be made between t h e  
Ag-MoS2-C/Rh a n d  Ag-MoS2-C/Ag c o m b i n a t i o n s  for g e n e r a l  s l  i p  r i n g  
a p p l i c a t i o n s ,  A l though  t h e  r e s u l t s  of t h i s  s t u d y  show t h a t  
Combina t ion  A y i e l d e d  t h e  b e s t  o v e r a l l  p e r f o r m a n c e ,  thlure  i s  some 
reservation i n  recomnending  rhodium p l a t e d  r i n g s  o v e r  coin s i l v e r  
r i n g s  for g e n e r a l  u s e ,  The re  a re  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  
e l e c t r o d e p o s i t i o n  of rhodium r i n g s ,  such  a s  c r a c k e d  p l a t i n g  a n d  
t r a p p e d  p l a t i n g  s a l t s a n d  s u b s e q u e n t  s l i p  r i n g  f a b r i c a t i o n ,  t h a t  
do not ex i s t  w i t h  c o i n  s i l v e r  r i n g s .  
The MoS2 l u b r i c a n t  pe r fo rmed  b e t t e r  t h a n  t h e  NbSe2. 
ence h a s  been a t t r i b u t e d  p r i m a r i l y  t o  t h e  excess s e l e n i u m  r e m a i n i n g  
i n  t h e  I\JbSe2 l u b r i c a t e d  b r u s h e s  a f t e r  f o r m i n g .  
c l a s s i f i e d  as a c o n d u c t o r  and  MoS2 a s  a s e m i c o n d u c t o r ,  i t  would 
a p p e a r  t h a t  NbSe2 would g i v e  b e t t e r  p e r f o r m a n c e  t h a n  MoS2 'in terms 
of e l e c t r i c a l  n o i s e  a n d  c o n t a c t  resistance,  U n t i l  g r a d e s  of NbSe2 
formed t o  t h e  correct s t o i c h i m e t r y  are a v a i  l a b l e  for b r u s h  forma- 
t i o n  and  have  been  e v a l u a t e d ,  MoS2 a p p e a r s  t o  be t h e  b e s t  l u b r i c a n t  
c h o i  ce, 
T h i s  d i f f e r -  
S i n c e  NbSe2 i s  
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